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CONFIDENTIAL

Introduotion

Reliable low power communications systems have recently
been demonstrated which operate in the VHF range out to distances
of 1300 miles, These syastems transmit intelligence intermittently
by reflecting radio signals from suitably oriented, ionized trails,
which are left in our upper atmosphere by disintegrating meteors,
The characteristics of such a propagation mode make meteor burst
systems particularly attractive in mobile applications where severe
penalties are imposed on equipment size, weight, and power demands,

Questions which the mobile communications system designer
invariably asks aret

1, How much traffic can meteor burst systems pass?
2. What frequency ranges are usable?

3. What are the bandwidth limitations?

L. What error rates can be achieved?

S5« What is the reliability of the mode?

6. What trensmitter powers and antemnas are needed
for a given capacity?

7o What sort of modulation distortion might be expected?

8. How does the capacity of the system vary with system
parameters?

The initial answers to these questions, based on theoretical
meteor model anslysis and back scatter radar experiments weres

1, Usable energy propagated on a communications circuit
would vary inversely as approximately the third power
of frequency.

2, More information could be passed by transmitting at
high speeds and using wide transmission bandwidths,

3. The error rate of the channel eould be easily
controlled by adjustment of the transmission decision
threshold level,

CoNEIyTIOg
&;__’ﬂj L'u‘
ole
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L. The outage time of the channel would be greatly
improved due to the higher operating frequencies
posaible,

5. Amplitude and phase of the received signal could be
expected {o be relatively stable during a burst.

6. Most useful metaoyr trails would be located off the
direct path between the transmitter and receiver,
The size of this useful meteor area in the sky
indicated that perhaps narrow beam antennas would
not significantly inorease the capacity of the system.
Now, after actual cnethe-air experience with meteor burst
communications systems and cellection of pertinent data, a more
complete answer to some of these questions can be given., The syatem
parameter which will receive the moast atiention in this paper is the
role of tranamission rate or system bandwidth in the capacity of a
meteor burst system. An optimum bandwidth theory is presented, based
on an equal contribution from "underdense" and “overdenae" meteor
traile, Such a criterion implies that the best bandwidth is directly
dependent on other system parameters, such as transmitter power, antenna

gains, threshold power level, etc, For a2 low power system this optimum

bandwidth may be quite low,

Infoxmation Capacity of Intermittent Channel

In a communications channel the average rate of information
transfer is proportional to the average transmission rate if this
rate does not exceed the theoreticsl capacity of the channel, and if
the redundancy transmitted and the errcr rate of the received trange
mission are constant. In a simple on-off, intermittent, communications

system this averaze information rate (Iav) is:

Ly “QFk.c) (1)

where C? is the factor taking into account the loss of information

H

from transmission redundancy and received errors.

. »zn
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R is the instantsneous transmission rate
decs is the average duty cycle (the fraction of the total

time at which information is transmitted at the instantaneous

rate).

Bandwidth va, Instantaneous ﬁate

In a binary channel the transmission bandwidth required (B), 1o

a direct function of the trangmission rate and can be expressed ass
B = nR (2)

The faotor (n) is & constant depending on the modulation and detection
scheme, The minimum theoretical value.of (n) is §, that is, two.
independent bits of infbrﬁation can be transmitted and detected for
every cycle of bandwidth, Practical modulation and detection schames
£all scmewhat short of this ideal, however, and a more realistic figure

would be & value of (n) equal to about 2,

Some Theoretical Considerations = Duty Cycle -

In fixed~rate, on-off, metsor<burst gystens, information will
be transmitted only when the received signal exceeds a given threshold
signalw-to-noise ratio, The integrated time of these si-nals can be
defined as the product of the number of times the siznal exceeds the
thr=ghold power level and the average duration of each signal above
this threshold,

| The number of meteor signals received which exceeds a threshold
counting level is related to the initial electron line density of the
meteor trail (q) and to the meteor reflection geometry, The initial
line density of the trail is im kurn directly proporticnal to the mase
of the disintegrating meteor. The number=mass distribution for rmetsors
disintegrated in the carth's atmosphere per wnit time is inversely

-3-

Declassified in Part - Sanitized Copy Approved for Release 2012/02/15 : CIA-RDP78-03330A004100100003-8



Declassified in Part - Sanitized Copy Approved for Release 2012/02/15 : CIA-RDP78-03330A004100100003-8

related to the original mass of the weteor (approximately)., There=
fore this same distribiuiion can be used for the number of trails
which excseds a gilven line density (qb)-. That ist
¥a>aq) = A %-1 | (3)

Not all meteor irails above the threshold lime density reflect
usable signals to the desired receiver, 3tringent geometric conditions
of the trail relative Lo the tranazmitting and receiving terminals must
be met alco. This fact can be included in the aonstant (4) so tha. this
number will be interpreted to mean the rumber of trails with initial
line densities grester than q, also reflegiing signals between two

terminals,

Received Energ

The energy received irom a meteor tra:ﬂ will be governcd by the
one of two refleotion models which best suits the particular trail, The
two models, so=scallsd "underdense® and "overdense'™ trails, are distinguished
by their initial elecctron line densities.

The underdense trail model, which is defined as trails with initial
line densities less than approximately 11.()]'h electrons per meter, has a

thecretical pesk received power (P) given by:

- 3.2
P E, P0G 27 (4)

where Pt is the transmitted power,
Gt and Gr are the transmitter and receiver antennz gains respectively,
Ku is a constant depending upon path gesmetry and pelarization,
For trails with initial electron line densities greater than 1()1‘,‘l
electrons per meter (overdense trails) the peak received power Po is

believed to vary according to the relations
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- 3.5
Pb K P&Gtﬁrl Q® | (5)

where Kb is azain a constant depending on path geometry and polarizaticn,

The duration of underdense trails depends on the time required for
a sufficient number of electrons to disperse to the distance where
scattering of the impinging radlo wave by the elcotrons is incoherent.
The time will be a strong function of the transmitted frequenoy.and

can be expressed approximately as:
D, = a2 (6)

where ?G;i' a conatant depending upon path geometry and diffusion

rate of the trail, The duration is usually about 200 to 300
milliseconds., The averapge duration of overdense trails is theoretically
longer than that of underdsnse trails but the actual signal may be
shorter, This ia brought about by the fact that wind cistortion of the
trail usually takes place causing multipath interference which breaks
up the received signal into a series of short burste., As a first
approximation it will be assumed that the average duration is also
direoctly proportional to the square of the wavelength.

If the threshold pdwsr level is sufficiently low in comparison
to the power level corresgponding to an initial line density of 10lh
electrons per meter, then the vast majority of the trails deiscted
will be of the underdense type. In this case the duty cycle decs
can be expressed approximately a&#%

£.0,60° &

d.c.n.‘ L t t r 12 (7)

The constant Kk is the result of lumping various other constants

together and then integrating over the common illuminated meteor area,
For thresholds corresponding to initial line densities higher

than 1dlh electrons per meter, all of the trails are of the overdense

b
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iar:hety and the duty cycle is approximately:

chQu - Kb

 where Xb is again an integrated constant over the illuminated meteor area,

2 (8)

I1luninated Jotenr Area

One additicnal efiect needs to be considered, The duty cyole in
-each of the above casea depends on the integration over the meteor plane
area cammonly illuminated by the eatenna systems cf cach termainal, fence,
the values of Ka and Kb will actuslly be a funotion of the sntenna gains,
For convenience then, thsse i’acﬁbrs. (K, and K, ) will be divided {nto three
parts; one of whioh is ind;ependapt‘ cf antemna gain, and two of;}rzern whieh
are independent functions of the i'ecéi\tring‘ and tranm;tating antenna gains,

That is:
- Vo =By o ~8
K‘a Ka Gt ar ¥ (9)
e k' o "8t g -8 |
G o 0o 10)

The factoés K; and K;’ are now considered truly constant for a particular
path and time, The ®disarimination factora® (at and ar) relate the sige
and location of the area illuminated by the antenna to the sige and location
of the most usaful meteor contribution for the particular path and time.

For correctly oriented ant.anpaa with gains below about 8 db, these "discrime
ination factors" are sasbntﬁally 3ero glince very fe'.-z useful metsors occur

outgide the besuwidth of such antennas.

Required Threshold Power

To maintain 2 mirimm intelligibility over a burst comunications
circuit, the average signsl received when information is transmitted must
be above the noise signal received by a fixed ratio. 7The value of this
signal-to-noise ratio depends on the inteiligibility required and the

type of modulation and detection schemes used,

ﬂ%-
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kWhen the message is transformed into a binary code, the

intelligibility can usually be expressed in terms of received
binary error rate, From this the required signal-to-noise ratio can
be determined by assuming a modulation and detection scheme and a
distribution of signal and noise powers, In this discussion it will
suffice to say that the intelligibility can be expréssed 8s a nminimum
signal«to=-noise ratio (S/N) required to transmit information over the
ocircuit with the minimum required intelligibility. That is:

S Pr

/o A (11)
where P; is' the minimum received signal required,

P n is the average noise power received,

Received Noise Power

The received noise power (Pn) ia normally a direct funotion of

the receiver bandwidth, this can be expresced as?

B, = kIEF (12)

=21 watts/cycle),

where kT 1s a constant (4 x 10
B is the base bandwidth of the receiver,
F is the excess noise above normal thermal noise admitted to the
receiver destector systen, |
Yor a recsiver in the low VHF rarige when reasonsble care in the
selection of an antenna site and design of tke receiver front-end stage

has been taken, the noise factor can be considered predominantly cosmice

generated and is expressed approximately as:
Foomled (13)

where A is an arbitrary constant,
The noise power is:
e
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P . KTRANS S (1)

In some abnormally noisy locations it may be necwessary to add an

additional margin of safety to this figure.

Information Capagity and Sysmém Parameters

The proviously derived resulis cén now be combincd to give a
relation between information transfer and some of the pertinent systen
mr@eters. For low threshold levels where a predomirance of underdense
trails is used, tne duty cyolg sxpression ist

dece, = K 732035 ut%’“ Gﬁ"r (15)
and for high threshold levels where only overdense trails are counted, the

duty cycle is approximately:
X5
3.h 2"!& ler
e, = K (ﬁgj el R (16)
The factors Ku and Ko are the resulte of the lumping together of various
other constants. |
The averagze information rate, as previously defined in terms of

duty cycle and bandwidth, can be writien for the two iypes of meteor

propegation models ass

av = nk %@T 3235 G‘*"t‘ ‘5"“” for underdense trails (17)
Tav, = o K 1 5 e *‘ aZ-at ¢?™r for overdense treils (16)

Some interesting observations can be made with regard to
maximizing the information rate of a meteor burst syntem. If underdense
trails sre the predominate type of scatterinsg mechanisn, inforu-tion
transfered will increase:

l. Directly with the square root of the transmisaion

banﬁﬁidﬁh.

_Aa..
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2. Directly with the square root of the transmitter
power,
3. Inversely with the square root of the signal-to-noise
threshold level,
h, Inversaly with epproximetely the square of the
operating frequency,
5. Direetly with antenua guin watil the "discrimination
factor® becomes appreciable,.
il overdense trails are the predomlinsie mode, the inloimation
transfered increasess |
1. Inversely with the transmission baiswidth,
2, Directly Hﬁ..ﬁh the square of the transmitter power,
J. dInvergely with the square of the signalw-toenoiss
threshold lewl,
4o mversely with frequency to approximately the iLiird.
power.
5. Direotly with the antenna gain for amall "dis&immation
factore®, o
Sketches of this information transfer as a function of theso
parametere are alimm in Pig. 1. The dotted lines show an estimation
of the tranéition between the two discrete functions., Inspeotion of

these sketches reveals t\h.at only the bandwidth gives o maximum informaw

ococurs in the transition regien of underdense to overdense trails where
the slope of the curve is gero, | |

If the bandwidth is adjusted to this optimm value then, for
limited variations of the other parameters or if the bandwidth is
readjusted to maintain the optimum, the information tx:arisfe;:; in the
transition sone is approximatelys

b9-
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- .
4.3, 1-at , leap
Iv * Ka b et G (19)

The exponents for the system parameters are gimply an average derived

from the underdense and overdense relationships.

Evaluation of Constants from Experimental Neasurements

It 19 apparent from the Wiad of unknown constants introduced
in the previous discussion that a Aramrt to some apecific measursd
date muet be made in order to proseed. Duty oycle is the propsgation
paraméter mest mensured by matecric propagation investigators. Unfortune
ately, this measurement is subject to wide variations which depend on
both the time and location of the measurement and on the experiment
instrumentation, The following evaluation will be baged on duty cycle
data obtained over the Bozeman~Palo Alto link during the early morning
hours,

Fige 2 ghows a duty cyele va, tronsmitter power ourve obtained
t‘oz" 10 minute perieds from Q400 to Q8OO for a twowwaek period in December,
1958. The system parameters for the experiment were approximately as
followss

(/) = 17 @ | 0, and G = 7

B = 650 cpg ag and ap = 0

Freqe = [O.k4 Mo
Notice that the slope of this function does change Irom a value greater
than one to a value less than one as the transmitter pbunr increases.
The estimated duty cycls and power where this ocours is approximatelys

decsy = 3% P, = 120 watts

Optimum Duty Cycle

From Equations L, 9, and 12 the duty eycle can be expressed in
terme of the threshold line density (qr) ast

«10=
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A A2
dec, = m (20)

where (A) is considered a constant over the period of measurement and
is a function of the meteor characteristic at a particular time and
location, rather than of any system parameter, If the system is to
be operated with an equal contribution from underdense trails and
overdense trails the threshold line density (-qr) will be a constant
(about 1 x 1ot electrons per meter), With a threshold level based
on a specific ionization concentration the duﬁy oycle will be independent
of all system parameters except frequency and antenna gain when the
tdigorimination factors®™ are appreciable., An important rule-of-thumb
oan then be given for optimisging certain system parameters as follows:

"The optimum capacity duty cycle in a fixed~frequency fixed-
antenna system i3 constant, Any syetem parameter change which alters
the duty cycle from this value should be compensated by & corresponding
change in another system parsmeter so that the duty cycle returns to
its optimum value,”

Notice also that this optimum duty cyocle is inversely proportional
to the square of the operating frequency. Therefore optimum duty cycles
for higher operating frequencies can be expected to be much smaller than
corresponding duty cycles at lower operating frequencies, For high gain
antennas the optimum duty cycle may be reduced somewhat also. Evaluating
the eonstant—‘-“-f from thé-experimental data, an expression for the

%

optimm duty cycle for these conditions is:

2

A
d.c. L — (21)
opt 84 ~ 8p
. Qt Gr

Optimm Bandwidth

As long as the threshold line density is below 101he1ectrona per

.11.
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G
meter the constant ('f) may be expressed in terms of the system
parm;e‘tera from Equations 5, 14, and 17 aS: :
s '
9., 2 ¢ /y 22)
OF) = rRTR ‘

Evaluation of this constant from these experimental values gives:
2 :

(;‘:) . 2,64 | (23)
and the optimum bandwidth for the system is then:
PGGKJ

Information Capacity with Optimum Duty Cycle and Optimum Bandwidth

From Equations 1 and 2, the information transmission rate at the

optimunm bandw‘iczt.h} and duty cycie iss

P
I, *2 Boptd'o' - 1.5 x 10 gx(s}p 2.1 1‘““0 (25)

Here it is seen tha* the inromatibn rate is directly proportionél to
the transmitter power and inversely proportional to the frequency raised
to the 2.7 power., Although the information capacity penalty is high
when & high operating frequenoy is chosen, high operating frequencies
are leos susceptable to the severe ionospheric disturtances whick; plague
the lover operating frequsncies,

Notice also that the information rate can be improved by lowering
the threshold signaletoenoise ratio. 7This could be done, still maintaining
the aame message intelligibility, by appropriate redundant coding of the
message, The net improvement for any partioular case would be determined
by the ratio of()/'(s/ N) where 9 reflecte the loss in trensmission efficiene

oy by the redundancy added,

wl2w
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Nlustrative Examples

For purposes of illustration the information transfer for a
epecifioc system will be calculated, The system parameters are assigned
values which might be typical for a burst system with a mobile transmitter

station as follows:

S .
Pt = 50 watts ( /N) = 13 db
G, = b db(a, ~0) - 7" Freq, % 50 Ho
Gr =13 ddb (ar . .15) . @ = ,5
‘ n - 2

The redundancy factor (3 ) in this cass is meant to include only the
nonsnes3ry: Lransmiseiorns such as recognition signaia, synohronization
bits, etc., necessary in the transmission of a message in short bursts.
Hence the information transfered represents the actual rate of message
bits trensmitted, The optimum duty cycle and antenna gain at this
frequency would be only 1.3 percent., The optimum bandwidth would be
1200 ecps which would represent a bit transmiasion rate of 600 bits
per second, The average information rate would be 4,7 bits per second,
A 100 word message (at 6 letters per word and 5 bits per letter) would
take an average time of 11 minutes to be transmitted,

The curves of Figures 3, L, and § give an indication of how
the optimum bandwidth and certain system paramétera vary with average
information rate requiremants,

It should be pointed out again that these curves are bagsed on
a limited amount of data taken on a particuler path during an early
morning operating time, System design for other times and paths would
require additional propagation measurements, Also wide variations from
the average can be expected for short operating ti{mes zo that it would
be woll to incorporate a generous safety factor in design declsions based
on such curves, As more propazgation data is collected and analyszed, it

«l3=
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will become possible to more accurately estimate the magnitudes of
these deviationa,

~1l~
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FIGURE 1

Sketches of Information Transfer Functions
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Duty Cycle vs, Transmitter Power
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REFERENCE PARAMETERS!
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FIGURE 3

Optimum Bandwidth and Transmitter Power Required vs. Information Rate
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REFERENCE PARAMETERS:
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FIGURE L

Optimum Bandwidth and Threshold Signal Power Required vs. Information Rate

Declassified in Part - Sanitized Copy Approved for Release 2012/02/15 : CIA-RDP78-03330A004100100003-8

25X1

S/N (db)



Declassified in Part - Sanitized Copy Approved for Release 2012/02/15 : CIA-RDP78-03330A004100100003-8

I3

REFERENCE PARAMETERS:

25X1
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FIGURE S5

Optimum Bandwidth and Maximum Usable Frequency vs., Information Rate
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April 2hp 1959

25X1

Electronics Nesearch Directorato

Dear 25X1

- The traffic handling capacit of meteor-burst comrunications systems
has been a favorite topic of discussion among cavmnications workers for
the past few years., Considerable effort has been expended in collecting
data to ostablish meteor-burst traffic capacity on your Contract AF 19
(6OL) 1517. “lost of the parameters vwhich affect the inf formation-handling
capability of nebeor-burst systems have nouw been determined (although the
precision of Imowledre of some naraneters is still inadecuate) and it is
now possible o arrive ab estimates of this quantity for ~ractical systen
desigrs.

The results of tcletype cavacity tosts have been remorted | 25X1
These results along 25X1

with sys’ucn design considerations reiorted in Scicuetific Reports 6, 8, and

11 and antenna desien data which can be chitained from Scicntific Report 12

show that by sinnle and inexpensive chanpss in the
;o 2 deily averare traffic handling capacity of 300 teletme words per ninuie
N (ox S teletype channels) can be ohiained. iiic 8 stem parmeters for the

present ‘instollaticn ore tobulated in Table I cnd the syse 25X1

ten paranetcers roquired to wass five teletvpe channels arc tabulated in

Table II, T‘ote that the large increase in treffic capacity is obtained

uithout changing the transmitter pouver of 2 k. Additional refinaments

are possible oeyond theose listed in Table II., I do not intend to imply

that 300 words of tcletvre is the ultinate limiit for 2-lyy transnitters,

Table IT is intended as an exerniple te shouw vhat can be accormlished with

nractical, easy-to-enrinecr nedifications,

25X1

t is auitc apparent that loy poweyr meteor-burst systems have nou
reached the stare of‘ C'*n*vetmrf wiin lu}gh T)o'fer ionos-heric scatier circults
in tralfic ecapacity. This is primarily due to the irherent increase in ef.-
ficiency in the utilizgation of the aveilable signal cbtoined hy the use of
a control loop which permits treffic flou onl:r during neriods of pood sisnal,
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The conirol leop alse provides a channel where error rate caon be adjustad
by o simple adjusiment in decision level -~ a feature nct vossidble in iono-
soherde scatier circuiits where error vates are prinarily coused by sharp
simmol fodes (neglecting backscatter echoes) which can be improved only
by increased transmitter pousr. 1he combrol 1loon also provides atitractive
features when operatiney under conditions of intentional or unintentional
Jorine.

Table I and IT alomg with the accompanying illustrations have been
placed letter form so that you nav more quickly review our results., I
an sorry that a traffic capacity estimate could not be made at an eazlier
date since this is of course the nmein factor required by commnications
planners. Accurate lmowledre of the dinmensions and novement of the meitecr
hot gnot volume were required hefore efficient antenna desipns and traffic
handlin~ estimates ecould be made. As you know, teshs tn measure the hot

snot din i done i oonerative exmerinent betueen -our office
and the equipnent in our field sites, This

equiment has only reocently been available for the tests recuired. I am
pleased thot we can finelly arrive at veasonable estinates on trafific can-
acity of netecr-burst svsiens.

It is cur intent to cover rore completely the tonic of traffic capa-
citr in additionnl scicentific reports and in the final report of Cowntract

\ \o Pleage feel free to inquire if the skebehy naterial in
this letier is not adequate for the needs of your lahoratery and others
interested in the tovnic.

Sincerely,

Comunication Group

HRVesean
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OPFRATIHG PARAMIETERS FOR I

N
N

TRATFIC CAPACITY TESIS,

Transmitter nouer outpub
Tranemitter antenna
Transmitter fraquency
Hodulation

Fraquency deviation
Transnission rate of teletyne
Temory

Tieceiver noise ficure
Receiver ncise barduldth
Decigion level

Receiver frequency
Receiver anbemna

OPERATING PARAMETERS FOR T LET:

2 ki

3-glement Yagi

L0.38 lie

Frequency shift keying
2.5 ke

600 tnom

Pexrforated paner tope
2 db

1.3 ke

16 db above neise
32.0 te

3-clenent Yool

3 IRATTIC CAPACITY TE5Y5,

Tronanitter n»ower outrui
Troansnititer antenna
Transmitter frequency
Hodulation

Trecuency deviation

Receliver moise firure
'\\/‘ Receiver noise bhandwidth
Leeceiver decision level
Recelver frequency
Receiver anterna

Hemory

2 Iar
3=elenent Yagi
32,3 e
Frequency shift keying
2.5 ke

2 db

1.3 ke

16 db above noise
40.38 e

3~elenent Yaci

Tagnetic tape--1000-Character

canacity
Tlagnetic core--256 character
capacity
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PARATIETTERS OF SYSTE! CAPABLE OF 300 TRLETYPE

Tronsmitter Power
Transmitter anterma coin
Receiver anbenna pain
Tecelver antennn diversity
Froguency

Todulzation

Coding to recduce errors
Recelver Moise Figure
Receiver bandiridth
Roceiver decigion level

Transnission rate during burst

TARLE IT

N
./

IDRUS PER MEIUTE

2 ar

11l.5 db

11.5 db

Dual

L0 e region
Synichronous
frequency shift lkeyine
Hons

3 d

1 ke

15 db above noise
600 W, P, 1L,
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AVERAGE DAILY TELETYPE CAPACITY

e ——p e Ty ey vy ey vy oy

50 100 150 200 gSOr 300

Measured Capacity Circuit

-Expected Capacity with L..S db increase in antenna gain on each end of Fath

s

Expected Capacity with L.S db antenns gains and space, diversity

o

@ .

Exppcted Capacity With é.E dh antenna gain, space diversity, end synchronous modulation

o
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g - O PERCENT OF TDME
CAPACITY RATE WITL 3% EXTZLTED VS CAPACTTY

FERCENT OF TIME CAPACITY RATE WILL BE EXCEBDED

0 106 200 300 LOO 50C 600 700 800

TELETYPE WORIS PEPR MINUTE
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